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Abstract 
CO2-enhanced oil recovery projects have been the initial areas of focus for advancing geological storage of CO2 as a 
key greenhouse gas mitigation option.  Canada has provided international leadership through the IEA GHG 
Weyburn CO2 Monitoring and Storage Project.  In late 2004, a CO2 EOR flood pilot within the Cretaceous Cardium 
Formation within the Pembina oil field in Central Alberta was selected as the site for a comprehensive CO2
monitoring program. This pilot, completed in 2008 has tested the deployment of new CO2 flood monitoring tools, 
allowing for a better understanding of the behaviour of CO2 in the largest conventional reservoir in Canada and one 
of the largest in North America. The Pembina Cardium pilot has resulted in scientific advances related to the 
integration of different CO2 monitoring technologies (reservoir surveillance, geochemistry, geophysical, 
environmental, reservoir simulation). The project’s findings will inform new protocols concerning the deployment 
of downhole technologies in observation wells used for the monitoring and verification of CO2 movement in the 
subsurface. 
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1. Introduction 
Canada has been an early proponent of the role that CO2 capture and geological storage (CCS) can play in 
responding to the risks of climate change.  Within Canada, the province of Alberta has indicated a commitment to 
developing its oil and gas resources in a responsible manner to minimize impacts on the environment. In 2002, the 
Alberta government released its own Climate Change Action Plan (Albertans & Climate Change: Taking Action).  
Alberta’s plan included several areas of focus, including Carbon Management.  Under the Carbon Management 
focus area, the Alberta government outlined a range of initiatives it would pursue in partnership with industry and 
other agencies.  These included such things as developing an estimate of the province’s CO2 storage capacity and 
implementing a $15 million provincial royalty credit program for pilot CO2 enhanced hydrocarbon recovery 
projects. The Government of Canada’s climate change plans announced during this period, also provided support to 
CO2 capture and storage activities.  For example, a $15 million tax credit to complement Alberta’s royalty credit 
was implemented.    Since these programs were announced, both governments have enhanced their incentives for 
CO2 capture and storage and have placed a larger emphasis on the contribution that CO2 capture and storage will 
make to their greenhouse gas reduction objectives.  For example, in 2008, the Alberta government’s new climate 
change plan called for approximately 70 percent of the province’s greenhouse gas emission reductions to come from 
CO2 capture and storage.  
2. Advancing CO2-EOR in Alberta’s sedimentary basin 
Alberta’s Royalty Credit Program provides a royalty reduction to energy companies that use CO2 in enhanced oil 
recovery and that qualify for the program. Four companies that started pilot operations in the fall of 2004 were 
successful in their application to the Alberta Department of Energy: 
x Apache at Zama in northwestern Alberta, 
x Devon Energy at Swan Hills in central Alberta, 
x Penn West at Pembina in southwestern Alberta, and 
x Anadarko at Enchants in southeastern Alberta. 
The location of the oil fields, and in particular the Penn West Pembina field, where these pilots are planned is shown 
in Figure 1. 
Figure 1. Map of Alberta showing the location and extent of the Enchant, Pembina, Swan Hills and Zama oil fields. 
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Canada, like several other nations, has recognized the importance of conducting studies in CO2 capture, 
transportation, storage engineering, the geosciences, and monitoring, measurement and verification (MMV) to 
evaluate the components of this technology and allow scale up to large demonstrations. Understanding the fate of 
the injected CO2 is an important aspect of the emerging CO2 storage technology. Hence, monitoring is one 
particularly critical area for validation of geological storage. Tag-on opportunities to CO2-EOR operations allow 
monitoring studies to proceed from pilots to existing commercial operations where the storage of CO2 is viewed as 
“added value” for the future, after a viable emission trading system has been put in place. The verification of CO2
storage is critically important because the public must be assured that the gases have been removed permanently 
from the surface environment. Merely injecting gases into a reservoir does not guarantee that they will stay there. 
The gas could leak back to the surface or may contaminate energy, mineral and/or groundwater resources. Integrated 
seismic imaging and geochemical sampling and analysis programs are technologies that can document the 
movement of the injected gases and detect potential leakage from the storage unit. 
Operations that inject CO2 in geological media present an opportunity to develop and test monitoring 
methodologies, techniques and technology. In the case of the four CO2-EOR operations, the opportunity presented 
itself to follow growth from the pilot scale to potentially commercial scale. As part of the Royalty Credit Program, 
the Alberta Department of Energy requested the companies that qualified to allow research at the site on the fate of 
the injected CO2. An Alberta-based multidisciplinary team was formed, comprising the Alberta Geological Survey, 
the Alberta Research Council, the University of Alberta and the University of Calgary to advance monitoring 
technologies and spearhead a CO2-monitoring program at one of the four sites. 
Considering the cost, and technical challenges that a program in monitoring and verification for CO2-EOR 
presents, the four pilots sites were evaluated with a goal of determining the site most suited to a detailed monitoring 
pilot. The following criteria were used for ranking the sites: 
x Access and Infrastructure:  this is related to the ease of access to the site, and the infrastructure available, such 
as the number and type of wells or instrumentation in place 
x Geology 
ż Lithology:  the thickness of the target zone, the porosity and permeability 
ż Depth:  deeper wells will be more costly to drilling and could also impact the ability to undertake seismic 
monitoring 
x Monitoring Potential 
ż Geophysics: will there be good prospects for geophysical monitoring; will there be interference related to 
multiple zones 
ż Geochemistry:  is there CO2 already in the oil, making it more difficult to trace the injected gas; will the 
operator be undertaking fluid monitoring 
ż Wellbore Integrity:  is there an existing well that can be used for monitoring and understanding the 
integrity of the well 
x Recovery Process:  alternating gas and water injection (WAG) may make it more difficult for both geophysics 
and geochemistry 
x Commercial Opportunity:  it is ultimately desired for the project to become commercial. 
3. Pembina Cardium CO2 Monitoring Project 
Ultimately, the Pembina Oil Field in West-Central Alberta was selected as most suitable site for a $3.75 million 
CO2-EOR monitoring pilot. The Pembina Oil Field is an extensive field covering an area of about 140,000 km2 (140 
townships) and is comprised of several producing horizons from Devonian to Tertiary in age, with the Upper 
Cretaceous Cardium Formation being by far the most prolific. The four reservoir units comprising the Cardium 
together attain a maximum cumulative thickness of about 20 m and occur at depths ranging from 1600 m in the 
northeast to 1650 m in the southwest of the pilot site area. At the injection site, each of the sand units is 3 m thick 
and the intervening shale units are 1 m (between upper and middle sand unit) and 5 m (between middle and lower 
sand) in thickness. Average core porosities and permeabilities range from 7.4% and 33.3 md in the conglomerate to 
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16.2% and 21.4 md in the middle sand unit. Permeability in the lower sand unit is 9.5 md. The reservoir temperature 
is at 50oC and current pressure of the waterflooded reservoir is approximately 19MPa, similar to the original 
reservoir pressure of 18 to 19 MPa.  The stratigraphy of the formation is presented in Figure 2. 
Figure 2. Stratigraphy of Pembina Cardium 
This monitoring project, which is located in the Cardium sandstone within the Alberta basin, complements the 
learnings from the Weyburn pilot which is located in the Midale carbonate formation within the Williston basin and 
allows for an enhanced understanding of new monitoring technologies and the potential of the Western Canadian 
Sedimentary Basin for storing large volumes of CO2.   While the knowledge developed in the design of the 
monitoring tools used at Weyburn has been applied to the design of this monitoring project, it should be noted that 
the chemistry and therefore the geochemical reactivity of the two reservoirs are very different and the environment 
of deposition is at “opposite ends of the spectrum”. The Weyburn reservoir was developed in a shallow marine 
environment with no detrital input whereas the Pembina Cardium reservoir is a fluvial environment with major 
transport of sediment to its final resting place. Consequently, the porosity/permeability distribution in these two 
reservoirs is completely different as will be the dispersion of CO2 leading to different practices with regard to 
monitoring. 
At the Pembina Cardium pilot, CO2 is being trucked to the Pembina site and is injected at ~1615 m depth into the 
Cardium sandstone reservoir. The EOR pilot consisted of two CO2 injectors and 6 producers which perforated all 
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four layers (conglomerate, upper sandstone, middle sandstone and lower sandstone) in the 20 m thick Cardium 
Formation. Research for the monitoring pilot was focused on mapping and assessing the condition of the existing 
wells and the geology/hydrogeology of the regional, local and site scales with a view to define potential leakage 
paths and the capacity of the Cardium reservoir to store CO2; and monitoring of the movement of CO2 in the 
Cardium reservoir using seismic, pressure, temperature and produced-fluid signatures both within and external to the 
Cardium reservoir.  
Since the project was initiated in late 2004, research providers from the Alberta Research Council, the Alberta 
Energy and Resources Conservation Board (Alberta Geological Survey), the University of Alberta and the 
University of Calgary have collaborated on deploying state of the art monitoring tools and techniques, focused on 
the following eight theme areas: 
1. Geology and Hydrogeology (Local and Regional) 
2. Potential for CO2 Leakage 
3. Reservoir Surveillance (Downhole Technologies) 
4. Environmental Monitoring 
5. Geophysical Monitoring 
6. Reservoir Seals (Geomechanical) 
7. Geochemical Monitoring and Modelling 
8. Reservoir Modelling 
The initial focus was on gathering baseline information on the reservoir and surrounding area prior to injection 
start-up through collection of new core, water sampling and seismic surveys. The latter two are ongoing activities 
throughout the program.  Recently new core was collected from a previously flooded CO2 site. 
An existing production well was converted to a monitoring/observation well for the duration of the CO2-EOR 
pilot. The well is located less than 100 m away from a producer and is instrumented with downhole pressure and 
temperature sensors, geophones and fluid sampling devices. Over the length of the project, a detailed analysis of all 
aspects of the observation well completion, cement behaviour, annular flow behaviour, and the integrity of 
downhole systems was undertaken. Synthesis of this information is providing the basis for recommendations 
regarding the deployment of downhole technology in observation wells used for the monitoring and verification of 
CO2 movement in the subsurface. 
Key project milestones have included: 
x The completion of local and regional scale baseline geology and hydrogeology studies to assess potential 
long-term leakage pathways 
x The study of the conditions of the wells in the local-scale study area and the evaluation of the magnitude of 
the minimum horizontal stress in the Pembina area on micro-frac, mini-frac and leak-off tests, and hydraulic 
fracturing to assess short-term leakage potential. 
x Acquisition of downhole CO2 injection pressures and temperatures from a memory gauge and successful 
implementation of a Fluid Recovery System for sampling of downhole fluids under pressure to assess CO2
dispersion. 
x Installation of shallow groundwater monitoring wells, including collection of geophysical (gamma) logs of the 
boreholes, and installation of pressure transducers and temperature sensors and data loggers to assess HSE 
concerns. 
x Completion of three atmospheric surveys, with no indication of the presence of fugitive emissions at any of 
the monitored locations to address HSE concerns.   
x Completion of timelapse analysis of surface seismic and VSP surveys, and completion of seismic modelling to 
predict seismic response to different levels of CO2 saturation in the Cardium reservoir. 
x Ongoing geochemical sampling, examination and logging of drill core, mineralogical assessment of Cardium 
and completion of the initial geochemical flow modelling to predict CO2 dispersion and geochemical trapping. 
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x Construction of a compositional model to match all the three production stages (primary depletion, water 
flood and CO2 miscible flood) at the field and validation of model by matching the CO2 miscible flood 
operations at the pilot. 
4. Key findings 
Suitable sites for geological storage of CO2 must meet three conditions: 
x Capacity, to accept the intended volume of CO2 for storage; 
x Injectivity, to accept the CO2 at the rate that it is produced at source and delivered at the site; and 
x Confinement, to ensure that the injected and stored CO2 does not leak. 
These three conditions are evaluated by Monitoring, Measurement and Verification (MMV) which is an 
integrated monitoring and reservoir simulation approach. Key messages for the Pembina Cardium CO2 Monitoring 
Project have been developed on this basis. 
4.1. Capacity 
Continuity: The continuity of the Cardium lower, and combined middle and upper sandstones, supported by 
their petrophysical characteristics, indicate that the Cardium Formation reservoir is an excellent candidate for 
storing significant volumes of carbon dioxide. 
Heterogeneity: The upper conglomeritic and upper sand layers of the Cardium are more permeable and 
consequently the plume is not thought to extend through the whole 20 meter thickness of the three Cardium units 
based on reservoir simulation and lack of seismic response (i.e. seismic will not respond to plume thicknesses below 
5 meters). 
Regional: There is a huge potential for expansion of CO2 storage to the entire Pembina Cardium field, one of the 
largest oil fields in North America, with 8000 wells drilled to date. 
4.2. Injectivity 
Reservoir simulation: Based on the CO2 injectivity during EOR operations, and predicted oil recovery if a 
commercial EOR project is viable, a sustained CO2 storage operation should be viable. 
4.3. Containment 
Natural barriers: Migration of injected CO2 is constrained by lithological barriers, dissolution in water and oil, 
and residual saturation. The sandstones of the Cardium Formation in the Pembina area are embedded in a thick 
succession of Colorado Group shales and form a reservoir that is isolated hydraulically from over- and underlying 
aquifers and the ground surface. Lateral containment of fluids within the Pembina Filed is guaranteed by 
compartmentalization of the Cardium Formation due to lateral lithofacies changes and sandstone pinch-out updip, 
towards the northeast. This is supported from the seismic surveys which concluded that there was no evidence of 
leakage into shallow aquifers. 
Geochemical traps: Although most of the CO2 is trapped in the reservoir by residual and solubility traps during 
the short term, in the long term a portion of the CO2 will become trapped in a more secure geochemical form by 
ionic trapping (e.g. bicarbonate formation) and mineral trapping (siderite formation). 
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Caprock Integrity: The geomechanical behavior of the shale caprock formations overlying the reservoir is 
characteristic of intact, strongly indurated shale formations, and for the operating CO2 injection pressure conditions 
during the pilot project phase , it will provide effective sealing capacity for the injection of CO2.   
Well integrity: A local-scale detailed analysis was performed for the 169 wells in 12 sections of land that 
encompass the Penn West CO2-EOR pilot in the Pembina oil field. All but four wells penetrate the Cardium 
Formation, and most of them are old wells drilled in the 1950’s. Only three old abandoned wells were identified as 
high-risk wells. All other wells are at either medium or low risk for CO2 leakage.  
5. Implications for monitoring, measurement and verification 
Shallow (Environmental) monitoring: A combination of ground atmospheric monitoring using a tunable diode 
laser system and groundwater monitoring using dedicated shallow wells was designed and deployed. Although no 
leakage of the CO2 to surface was detected, the system can continue to provide assurance that the storage site is 
performing as designed. 
Seismic monitoring: The most promising technology for monitoring the CO2 plume within the Cardium 
reservoir was time-lapse VSPs recorded by the permanent geophone array in the observation well, and was able to 
detect the CO2 plume migration over a small volume around the well. 
Geochemical monitoring: In-situ tracers due to water mixing and rapid reactions between minerals and the 
injected CO2 allowed early detection of CO2 breakthrough and the effects of workover fluids; and provided 
additional constraints for history matching by reservoir simulators. 
Deep observation well: The project saw the design, construction and deployment of an instrumentation string 
with three pairs of downhole pressure-temperature sensors, eight geophones and two downhole fluid recovery ports 
was undertaken. All instrumentation was deployed on 60.3 mm tubing to a depth of 1640 m and cemented inside the 
existing 139.7 mm casing of the well.  This observation well configuration is being considered for deployment at 
other sites. 
Cement sampling: This type of operation is not a common oilfield activity.  Retrieval of cement samples has 
been challenging due to the mechanical issues around drilling through steel casing and cement with a single bit 
designed to collect an intact core plug. A detailed well program was developed around optimization of the bit 
materials and design to define all the elements of a field program to successfully acquire downhole cement samples. 
Reservoir simulators: During the course of conducting these predictive runs, the ECLIPSE compositional model 
(E-300) gave unexpected results for the oil production.  To verify this, another simulator such as CMG’s GEM 
model should be used.   
6. Conclusions 
The Pembina oil field is an important target for CCS in Alberta because of the opportunity to co-optimize CO2-
EOR and CO2 geological storage, and because of its large size. However, the thickness of the storage unit is small 
and requires a large number of wells to effectively store the CO2 over the 140,000 km2 area. Given that there are 
already 8000 wells existing, the costs to exploit the storage site may be attractive as long as the wells are not subject 
to degradation or can be mitigated at a reasonable cost. 
The work completed for the Pembina Cardium CO2 Monitoring Pilot supports development of this field for CO2
storage in partnership with EOR operations.  Both capacity and confinement have been demonstrated and injectivity 
is being demonstrated by EOR operations. In addition, significant advances have been made in MMV with design 
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and deployment of an observation well, design of a well cement sampling system, design and deployment of an 
environmental monitoring system, use of VSP, and development of in-situ tracers. To date, the reservoir simulator 
has not allowed as close an integration with the MMV tools as desired - a task for the future. 
7. Applying learnings to CO2-EOR and CCS management framework 
The Pembina Cardium CO2, EOR Project, together with other similar initiatives, such as the final phase of the 
Weyburn-Midale CO2 storage project and the Plains CO2 Reduction (PCOR) Partnership examining the CO2-EOR 
pilot operating in Zama, Alberta, are increasing industry, government and the public’s understanding and confidence 
in CO2-EOR storage. 
Ultimately, within Canada the volume of potential CO2 from large industrial facilities will be one to two orders of 
magnitude greater than the CO2-EOR market.  Within Canada, over the past year, there has been a concerted effort 
to advance large CO2 storage pilots.  While focused on Enhanced Oil Recovery (EOR) opportunities, the results of 
the Penn West Pembina Cardium pilot (as well as other similar pilots) will generally be transferrable to large scale 
CO2 storage projects focused on deep saline aquifers. 
These projects, have, for example played a key role in the development of greenhouse gas quantification 
protocols associated with CO2-EOR projects.  Specifically they have contributed to a better understanding of how 
monitoring tools can interact to provide for greater confidence in the granting of CO2 credits for CO2 storage 
projects.
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